Validation of the near-surface calculation
In this study, we adopt several approximations for the radiative transfer calculation. To validate the method in this study, we compare our result (in the case LP) around the photosphere with the result from the numerical code RAMENS (18). RAMENS solves 12 rays of the gray radiative transfer with the LTE assumption. In addition, RAMENS solves the total energy equation instead of the entropy equation, which is adopted in this study. The total energy equation is widely considered a better way to deal with the high Mach number situation, such as in the photosphere, where the shock wave is continuously generated. In the RAMENS calculation, a grid spacing of 24 km and a domain size of 6144 km are adopted in all three directions, i.e., a much higher resolution and a smaller domain size than those in this study. The comparison is shown in fig. S1 . The values agree well with each other. These results also agree well with the series of other calculations with nongray radiation transfer (32). Comparing the widths of spectral lines, it is confirmed that these calculations are consistent with solar photospheric observations (31). We can see a slight difference in the horizontal RMS velocity ( ig. S1d). We confirmed that this is caused by the calculation domain size. The result in this study has a large power in the large scale, which is not included in the RAMENS calculation. A τ = 1 height is indicated with vertical gray dashed lines in Fig. 1 . Above this height, i.e., in the chromosphere, we see a difference in panels c and e. Because of the difference in domain size, the amplitude of the sound wave is different in this study. The convection exists below the τ = 1 height, i.e., the photosphere, and the convection structures match well between the cases. Despite a series of approximations, it is confirmed that our calculation appropriately treats the photosphere. 
Energy flux
The definitions of the energy fluxes are given in this section. Fig. 3a, b shows the enthalpy flux (F e : red), radiative flux (F r : green), kinetic flux (F k : blue), and total flux (F t : black). The definitions of these fluxes are
where the term in parentheses ⟨⟩ is the horizontal average. We switch between the linear and full estimations of the enthalpy flux with the function
where x e = x max −1.7×10 8 cm and d e = 5×10 7 cm. Regarding the radiative flux, the definition differs between the cases LP and LD. In the case LP, we solve the radiative transfer. Using the obtained intensity, we calculate the radiative flux around the surface (x > x max − 3.072 Mm)
using F rad at eq. (7) in the main manuscript. In the deep layer (x/R ⊙ < 0.995), we estimate the radiative energy flux using the diffusion approximation as
In the case LD, we include the artificial energy flux around the top boundary. The expression is
The total energy flux is defined as F t = F e + F r + F k .
